The HLA (human major histocompatibility complex, or MHC) region includes three types of class I MHC genes: ( 1) class Ia loci (HLA-A, -B, and -C), which are highly expressed and polymorphic;
Introduction
The major histocompatibility complex (MHC) class I gene family encodes cell surface glycoproteins that present peptides to cytotoxic T cells. In humans, this gene family (the HLA class I family) is located in a region of about 2,000 kb on the short arm of chromosome 6. On the basis of the level of expression and polymorphism, MHC class I loci of mammals can be grouped in the following three categories: ( 1) Class Ia or classical class I loci are typically highly polymorphic, and their products are expressed on the surface of all nucleated somatic cells. (2) Class Ib or nonclassical class I loci are monomorphic or nearly so, and their products have a more limited tissue distribution than that of class Ia molecules. Their function remains largely unknown, and many may be essentially nonfunctional (Klein and Figueroa 1986) . (3) Class I pseudogenes include both complete genes whose expression is prevented by frameshifts, premature stop codons, or other defects, and gene fragments lacking one or more of the exons characteristic of expressed class I genes.
Recently, sequences of a number of HLA class I pseudogenes have become available, but the evolutionary relationships of these loci are so far poorly known (Geraghty et al. 1992a (Geraghty et al. , 1992b . Here I analyze DNA sequence data from HLA class I pseudogenes in order to understand their origins and their evolutionary relationships to class Ia and class Ib genes. Because of the possibility that recombinational events have played an important role in the evolutionary history of this gene family, I apply phylogenetic analyses separately to separate gene regions. In addition, to examine the role of natural selection in the history of class I pseudogenes, I estimate numbers of nucleotide substitutions per site in regions of these genes homologous to those that are functionally important in class Ia genes.
Methods

DNA Sequences Analyzed
Figure 1 A shows a recent map of the HLA class I region, illustrating class I related genes analyzed here. The structure of a typical expressed HLA class I gene is illustrated in figure 1 B; there are eight exons (exons l-8) and seven introns (introns A-G). Genes for which sequence data were analyzed here were as follows:
( 1) Class I pseudogenes HLA-16, HLA-54, HLA-59, HLA-70, HLA-7.5, HLA-80, HLA-90, and HLA-92 (Geraghty et al. 1992a, 1992b) . Of these, only HLA-54, HLA-59, HLA-70, and HLA-92 have sequence corresponding to the entire coding region of expressed class I genes. Only exons 1 and 2 of HLA-7.5 are complete; HLA-16 has only exons 4-8; and HLA-80 and HLA-90 have only exons 3-8. Still smaller gene fragments (HLA-17, -21, -30, and -81; Geraghty et al. 1992a) were not considered here because the available sequence in these cases (one exon or a few small exons) was not sufficient to establish phylogenetic relationships. Because the sequences analyzed were those of Geraghty et al. ( 1992a, 19923) ) those authors' nomenclature for the HLA class I pseudogene loci was used; but it should be pointed out that HLA-54 appears to be the locus designated as HLA-AR or HLA-H (Zemmour et al. 1990; Chorney et al. 1990 ), while HLA-59 appears to be the locus designated as HLA-J (Messer et al. 1992) .
( 2) Class Ia genes HLA-A *0201 ( Koller and Orr 1985) , HLA-B*2705 (Weiss et al. 1985) , HLA-B*3502 (Chertkoff et al. 199 1 ) , HLA-B *5701 (Isamat et al. 1990) , and HLA-C*O201 (Giissow et al. 1987) . These alleles were chosen because genomic sequences were available, including extensive sequence in the 5' flanking region (5'FR).
Addition of other HLA class Ia alleles to trees based on particular gene regions did not alter tree topologies significantly (data not shown). (3) Class Ib genes HLA-E (Koller et al. 1988) , HLA-F ) and HLA-G (Geraghty et al. 1987) .
Phylogenetic trees of these sequences were rooted by placing the root in the longest internal branch. In order to test the suitability of this rooting scheme, the conserved 3' exons ( exons 3-7 ) were also analyzed for an additional set of nonhuman sequences: HLA-A and -B homologues from orangutan (Pongo pygmaeus) and gibbon (Hylobates lar) (Chen et al. 1992) ; an HLA-E homologue from orangutan ); class Ia sequences from cottontop tamarin (Saguinus Oedipus) and a class Ib homologue of HLA-F from the same species (Watkins et al. 199 1) ; and from the mouse (Mus musculus), a class Ia gene H2K" (Kuhner and Goodenow 1989) , a class Ib gene H2T22d (Fisher et al: 1985) , and a class I pseudogene H2D2d (Hedley et al. 1989) . Because previous analyses showed that mouse class I loci diverged after the rodent-primate divergence (Hughes and Nei 1989a) , the mouse sequences were used to root trees based on the 3 ' exons.
Statistical Methods
Sequences were aligned by gene region using the CLUSTAL V program (Higgins et al. 1992 ) and corrected by eye to conform with previously published alignments. One of these alignments (for the 5' flanking region) is illustrated in figure 2 ; the others are available from the author on request. Statistical analyses were applied separately to different gene regions because previous analyses (e.g., Hughes and Nei 19893) had indicated the occurrence of recombination among different regions of HLA class I loci. In HLA-E, the stop codon is located in exon 7 rather than in exon 8, as is true of most HLA class I genes; and the region corresponding to intron G shows little evidence of homology to intron G sequences. In the case of HLA class I pseudogenes, the 3' untranslated region shows little evidence of homology to those of other class I genes. Therefore, these regions were not used in the present analyses.
The regions analyzed were the following: ( 1) the 5' flanking region (5'FR) (fig. 2) ; (2) the 5' exons and introns ( 5'EI), consisting of exons l-3 and introns A-B; (3) intron C, which is the longest intron in the HLA class I gene; and (4) the 3' exons (exons 3-7) and introns (introns D-F) ( 3'EI). Preliminary analysis did not reveal significant evidence of recombination when smaller units were analyzed (data not shown).
Gene phylogenies were reconstructed by the following methods: ( 1) neighbor-joining (NJ) trees (Saitou and Nei 1987) constructed on the basis of the number of nucleotide substitutions per site (d), estimated by Jukes and Cantor's ( 1969) , Kimura's ( 1980) , and Tamura's ( 1992) methods; and (2) unweighted maximumparsimony trees (MP) (Swofford 1990) . In estimation of d in pairwise comparisons among a set of sequences, all sites at which the alignment postulated a gap in any of the sequences were excluded from the analysis. Jukes and Cantor's method assumes equal probabilities of substitution for all nucleotides, whereas Kimura's method allows for unequal rates of transition and trans-version. Tamura's method also allows for nucleotide bias. In the present data set, these three distances yielded essentially equivalent results; this is to be expected since the data showed no overall strong bias in nucleotide frequency, and the ratio of transitions to transversion was between 1: 1 and 2 : 1 (data not shown). Generally, when the number of substitutions is less than about 0.3 and the transition-to-transversion ratio is in this range, Jukes and Cantor's method is preferable ( Kumar et al. 1993) . Since this was true in the present case, only the results using Jukes and Cantor's method are presented here.
The reliability of clustering patterns in trees was tested by bootstrapping (Felsenstein 1985) in the case of both NJ and MP trees and by the standard error test for internal branches of NJ trees (Rzhetsky and Nei 1992) . Bootstrapping involves repeated sampling with replacement from the data; 1,000 bootstrap samples were used for both NJ and MP trees. The percentage of bootstrap samples supporting a given clustering pattern indicates the strength of support the data provide for that pattern. Since the NJ and MP methods generally produced very similar trees, only the NJ trees are presented in the following discussion; but the results of bootstrapping both types of trees are presented.
To examine patterns of nucleotide substitution, d was estimated for selected comparisons by Jukes and Cantor's ( 1969) method. In the case of coding regions, the number of synonymous substitutions per synonymous site (&) and the number of nonsynonymous substitutions per nonsynonymous site (&) were estimated by Nei and Gojobori's ( 1986) method. Standard errors of mean d, ds, and dN for sets of pairwise comparisons were estimated by Nei and Jin's ( 1989) method. In the case of the 5'FR, patterns of nucleotide substitution were examined separately in the regulatory elements (5'RE) A, ICS, B, C, and D, defined following Geraghty et al. 1992b (fig. 2 ) and in the remainder of the 5'FR. In the case of exons 2-3, which encode the al and a2 domains of the functional class I molecule, patterns of nucleotide substitution were examined separately for the codons homologous to those encoding the peptide binding region (PBR) where class la molecules bind peptides and present them to T cells (called "antigen recognition site" by Bjorkman et al. 1987a Bjorkman et al. , 1987b .
When there is a strong bias toward transitions, methods of estimating synonymous and nonsynonymous substitutions which count a twofold degenerate site as a one-third synonymous site (as does Nei and Gojobori's method) underestimate the number of synonymous sites (Li 1993) . Li ( 1993) has developed a method that corrects this bias. In the present case, there was not a strong bias toward transitions in exons 2-3; in fact, in the PBR, the ratio of transitions to transversions was about 1: 2 (data not shown). As expected, Li's ( 1993) method yielded essentially the same results as Nei and Gojobori's ( 1986) . The results of the latter method only are presented since it is simpler and more appropriate when the number of codons examined is small.
Results
Phylogenetic Analyses
In the 5'FR, the genes analyzed formed two major clusters, which were separated by internal branches that were statistically significant by the standard error test and received strong bootstrap support, especially in the NJ tree ( fig. 3A) : ( HLA-59 clusters generally close to HLA-G ( fig. 3 ) ; a close relationship between these loci was suggested previously (Messer et al. 1992 ). The 5'FR of the truncated gene HLA-7.5 also shows a relationship to HLA-G ( fig. 3A) . By contrast, the 3'EI regions of HLA-16, HLA-80, and HLA-90 cluster together, separated by a highly significant internal branch from the other HLA class I genes ( fig. 3 D) . This pattern is also seen in the tree based on 3' exons of human and selected other primate and mouse class I genes ( fig. 4 ). The topology of the latter tree implies that the duplication of the ancestor of these three truncated pseudogenes must have occurred early in primate evolution. The simplest hypothesis regarding the origin of these truncated genes is that their ancestor had exons 4-8 like HLA-80 and -90; presumably exon 4 was lost in subsequent duplications, giving rise to HLA-16. Hughes and Nei ( 1988, 1989b) observed that HLA-A alleles are much more divergent from HLA-B and -C alleles in exons 4-5 than in exons 2-3. They attributed this pattern to a past recombinational event in the history of the HLA-A locus. Observing similarity between HLA-A alleles and the class lb locus HLA-E in exons 4-5, Hughes and Nei ( 1989b) suggested that the ancestor of HLA-A had recombined
with an E-like locus. In the present analyses, HLA-A clusters with the other class la loci in the 5'EI ( fig. 3 B) . In fact, this same pattern was seen in a tree based on introns A and B only (data not shown), indicating that this clustering pattern is not simply due to convergent evolution among class Ia loci in the peptide-binding regions encoded in exons 2-3. By contrast, in the 5'FR, in intron C and in the 3'EI (figs. 3A, 3C, and 30), HLA-A clusters with a group of class Ib and pseudogene loci, which includes HLA-70, HLA-G, and HLA-59. In intron C, the clustering of HLA-A and the closely related HLA-54 with HLA-70 is supported by a branch that received strong statistical support from all methods used ( fig. 3C ). Thus, these results suggest that the recombination event in the history of the HLA-A locus may have involved the donation of exons l-3 and introns A-B by a class Ia-like locus to a locus more closely related to HLA-70 than to HLA-E.
HLA-E in the 3'EI clusters with ). However, in other regions, it is much more divergent, clustering outside all other class I genes. Thus, HLA-E itself appears to be a recombinant, with exons l-3 and introns A-C originating from a highly divergent gene and exons 4-8 and introns D-G originating from a gene similar to most other HLA class Ib and pseudogene loci.
The phylogenetic tree based on the 3' exons of human, other primate, and mouse class I genes ( fig. 4 ) supports the hypothesis of Hughes and Nei ( 1989a) that class Ib and class I pseudogene loci of eutherian (placental) mammals have arisen by independent gene duplication after divergence of the eutherian orders. The primate genes in this tree form three clusters, two of which are supported by statistically significant internal branches: ( 1) the three truncated pseudogenes HLA-16, -80, and -90; (2) the class Ia B and C loci; (3) the class Ia locus A, along with the class Ib and pseudogene loci of humans, as well as the class Ia genes of the cottontop tamarin (Saoe-8 and -I 7) and the class Ib gene Saoe-3 from the same New World primate (fig. 4) . The tree does not resolve the phylogenetic relationships among these three clusters. Furthermore, within the third cluster, many patterns of relationship remain unresolved. For example, the tamarin class Ia genes cluster with HLA-59 and HLA-G (Watkins et al. 1990 )) but support for this clustering pattern is not strong. On the other hand, the homology of Saoe-3 and HLA-F noted previously (Watkins et al. 1990 ) is supported by a statistically significant branch (fig. 4) .
If the class I MHC consisted of clusters of genes arranged on the chromosome in such a way that memOrigin and Evolution of HLA Class I Pseudogenes 25 I bers of each cluster were more closely related to each other evolutionarily than to members of other clusters, one would expect to find a positive correlation between physical map distance and genetic distance. I tested for such a pattern by plotting genetic distance (as measured by d in the 3 'EI ) versus physical map distance (in kbp) for pairwise comparisons among 13 class I loci ( fig. 5 ) . There was no correlation observed between map distance and genetic distance. This indicates that the human class I region has evolved by a complex pattern of gene duplication that has often led closely related genes to be separated from each other by some distance.
For example, most phylogenetic trees ( fig. 3 and  4) show HLA-54 clustering HLA-A, suggesting that these two genes diverged recently, as proposed by Zemmour et al. ( 1990) . However, less closely related genes such as HLA-16 and -70 are located between these two loci ( fig. 1 A) . Similarly, the truncated genes HLA-16, -80, and -90 cluster together in phylogenetic trees (figs. 3 D and 4) but are separated by numerous less closely related genes ( fig. 1 A) .
Patterns of Nucleotide Substitution
Patterns of nucleotide substitution in HLA class I pseudogenes were compared with those in class Ia and class Ib genes by means of selected pairwise comparisons. In the 5'FR, a striking characteristic of class Ia genes is the conservation of the 5'RE in comparison to the remainder of the 5'FR. In comparisons among class Ia genes, d in the 5'RE was significantly lower than that in the remainder of the 5'FR; and in comparisons among HLA-B alleles, d in the 5 'RE was also significantly lower than that in introns A and B (table 1). This was true neither for comparisons between class Ia and class Ib or pseudogenes nor for comparisons among class I pseudogenes (table 1) . HLA-E was extraordinarily divergent from other class Ib genes in the remainder of the 5'FR but was less divergent in the 5 'RE (significantly so in the case of the HLA-F versus HLA-E comparison) (table  1) . Thus, class I pseudogenes showed no evidence of evolutionary conservation of the 5'RE, whereas the class Ib genes showed some evidence of conservation of these elements but much less than the class Ia genes.
The class Ia loci are characterized by an elevated rate of nonsynonymous nucleotide substitution ( dN > ds) in the codons encoding the PBR (Hughes and Nei 1988) , a pattern indicative that positive Darwinian selection is acting to diversify the PBR. By contrast, in the remainder of the gene, ds > &, as is true of most genes. No elevation of & in the PBR is seen in comparisons of alleles at class Ib loci, which are far less divergent from each other than are alleles at class Ia loci, indicating that these loci are not subject to the same sort of diversifying selection as class Ia loci ( Hughes and Nei 1989~) . However, in comparisons among class Ib loci and in comparisons between class Ia loci and class Ib loci, & > ds in the PBR is frequently observed; this pattern was interpreted by Hughes and Nei ( 1989a) as evidence that these genes were previously subject to diversifying selection, as would be expected if class Ib loci arose by duplication of class Ia loci. In the present analyses, ds and & were about equal in the PBR codons of class I pseudogenes, as was true of class Ib genes as well (table 2) . However, & in the PBR was significantly higher than that in the remainder of al-o2 in comparisons among pseudogenes, among iiE_!!E Saoe_3 class Ib genes, among class Ia genes, and between class Ia and class Ib or pseudogenes (table 2) . This pattern is suggestive of past diversifying selection. on the PBR in the ancestors of both class I pseudogenes and class Ib genes.
Rates of molecular evolution can be compared by means of a relative rate test, in which the rate of evolution in two sequences is estimated with reference to a third sequence (the reference sequence), which is known to be an outgroup to the other two (Wu and Li 1985) . In order to compare the rates of evolution in class I pseudogenes and class Ib genes with that in class Ia genes, I compared rates of evolution in the 3' regions of these Origin and Evolution of HLA Class I Pseudogenes 253 B and -C cluster apart from other class I genes in this region ( fig. 4) , HLA-B *3502 was used as a reference sequence. Similar results were obtained when other HLA-B or -C alleles were used as a reference (data not shown).
The results of these analyses show a striking difference between class Ib genes and class I pseudogenes at nonsynonymous sites in exons 4-7. In the case of every class Ib gene, nonsynonymous sites in this region did not evolve at a significantly different rate from HLA-A *0201 (table 3) . By contrast, every pseudogene analyzed except HLA-54 showed a significantly higher rate of evolution at nonsynonymous sites than that of HLA-A *0201 (table 3). These data suggest that exons 4-7 of class Ib genes are subject to a level of functional constraint not markedly different from that of class Ia genes, but that this selection is relaxed in the case of class I pseudogenes.
Presumably, HLA-54 does not share the pattern seen in the other pseudogenes because it has recently evolved by duplication of a class Ia gene ( figs. 3-4) .
In most comparisons, the relative rate tests showed no difference between HLA-A *0201 and either class Ib genes or class I pseudogenes at synonymous sites or sites in introns (table 3) . This pattern is expected if such sites evolve neutrally in both functional and nonfunctional genes. The most surprising departure from this general pattern was seen in intron E of HLA-16 and -80, in which these pseudogenes evolved much more rapidly than HLA-A *0201 (table 3) . of class Ia genes, yet unlike the case of class Ia genes, (Hughes and Nei 1988) . These results suggest that clas these sequences are not well conserved in class I pseu-I pseudogenes have arisen by duplication of class I dogenes (table 1) . Class I pseudogenes also show evigenes. These duplications have taken place over a lon dence of past selection favoring diversity at the amino period of time. Phylogenetic analyses suggest, for er acid level in the PBR, which is a feature of class Ia genes ample, that HLA-54 arose as a recent duplication c HLA-A, whereas other class I pseudogenes arose much earlier (figs. 3 and 4).
Discussion
As noted previously by Hughes and Nei ( 1989a) , class Ib genes seem also to have arisen by duplication of class Ia genes and show evidence of past diversifying selection on the PBR (table 2). In the class Ib genes of humans, the 5' regulatory elements were poorly conserved in comparison to the class Ia genes (table 1 ), as was previously reported in the case of the mouse class Ib Q region genes (Hughes and Nei 1989a) . Because class Ib genes are descended from class Ia genes, many class I pseudogenes, although ultimately descended from class Ia genes, may have had class Ib genes as their immediate ancestors. A possible example is HLA-59, which may have arisen by a fairly recent duplication of HLA-G.
The fact that class I pseudogenes evolve much more rapidly at nonsynonymous sites in exons 4-7 than do class Ib genes (table 3) is evidence that the latter are subject to purifying selection. This in turn suggests that the class Ib genes may have some functional role. However, it is important to realize that the presence of purifying selection on a duplicate gene may not mean that the protein it encodes is essential to the organism but only that the presence of mutant forms of that protein is often deleterious to the organism (Hughes 1994) .
Patterns of Gene Duplication
The lack of correspondence between genetic and physical distance ( fig. 5) fig. 1 A) .
Still more complex patterns of relationship may have arisen by unequal crossing-over between widely divergent haplotypes. The MHC of mammals is characterized by ancient haplotypes which differ from one another not only with respect to allelic polymorphisms but also with respect to the number of genes present (Klein and Figueroa 1986; Klein et al. 199 1) . For example, different mouse haplotypes differ with respect to the number of class Ib genes and class I pseudogenes and even with respect to the number of class Ia genes (Klein and Figueroa 1986 existed in the ancestors of humans, complex duplication events may have occurred such as that illustrated by a hypothetical example in figure 6A . In this example, two haplotypes, each including a different allele at a class Ia locus (X) and a linked pseudogene locus (Yin haplotype 1 and 2 in haplotype 2) are involved in an unequal crossover event. If the gene phylogeny is that of figure  6B , the resulting haplotype is one in which map distance is not correlated with phylogenetic distance. Numerous similar events might explain the evolution of the HLA class I region, particularly in the class I gene-rich region between HLA-59 and HLA-F ( fig. 1 A) .
Interlocus Recombination
The present analyses indicate that interlocus recombination has been a recurrent feature in the evolutionary history of the HLA class I region. This is true of other multigene families (e.g., Hughes 199 1, 1992) ) and there is no indication that the rate of such events is particularly high in the case of the HLA class I. The following recombination events were supported by phylogenetic analyses: ( I ) The 5'FR of HLA-92 is derived from a gene related to the ancestor of HLA-B and -C, although the rest of the HLA-92 gene is not closely related to these loci ( fig. 7 A) . (2) Previous analysis indicated that the al-a2 domains of the HLA-A gene are similar to those of other class Ia loci, while the cy3 and transmembrane domains show similarity to the class Ib HLA-E locus (Hughes and Nei 1989b) . Such a pattern might be explained by a recombination between the ancestral A locus and and an E-like locus (Hughes and Nei 19893) . The current analyses present a clearer picture of the recombination event. The recombination seems to have involved the donation of exons l-3 and introns A-B from a class Ia-like locus to a locus closely related to fig. 7 B) . The fact that this locus was relate to HLA-70 rather than HLA-E is evident from the ph: logeny of intron C, in which HLA-E is very divergen but HLA-70 and HLA-A cluster close together. The fat that HLA-A and HLA-54 sequences cluster together i all regions indicates that the duplication giving rise I these two genes occurred after the recombination wit a 70-like gene. (3) The HLA-E locus is similar to othc class Ib genes and to HLA-A in the 3'EI but is high divergent from other known HLA genes in other region thus HLA-E seems to be a recombinant between a class Ib-like gene and a highly divergent class I gene ( fig. 7C) .
By contrast, several clustering patterns received support in most regions analyzed-for example, the clustering of HLA-B and -C, the clustering of HLA-A and -54, and the clustering of HLA-G and -59. The existence of such stable clustering patterns is evidence against the hypothesis that interlocus recombination has been extremely frequent in the history of the HLA class I region.
Many researchers have hypothesized small-scale recombination events in the history of the MHC. Often, it has proved difficult to provide statistical support for such hypotheses. For example, Geraghty et al. ( 1992a) drew attention to a region of remarkable similarity between exon 1 of HLA-59 and HLA-F, which they attributed to a recombination event. However, because this region is highly conserved in most HLA class I genes and pseudogenes, it is not possible to reject the hypothesis that the resemblance between HLA-F and -59 is due to this conservation alone (data not shown). In addition, statistical methods designed to detect small-scale recombination events (e.g., Stephens 1985) are not applicable when genes are as distantly related as those analyzed here. Nonetheless, the existence of clustering patterns that are stable in all gene regions is evidence that small-scale interlocus recombination is not very frequent.
